The diaphragm and the other inspiratory muscles form a vital pump. The ancient Greeks recognised this and thought that the diaphragm was the seat of the soul. Indeed the Greek word for soul is phrenes and this is how the phrenic nerves got their name. The action of the diaphragm has been a source of controversy for centuries, and the twentieth is no exception. It has long been recognised that when the diaphragm contracts it not only pushes downward on the abdominal contents but also exerts an upward force on the rib cage into which its fibres are inserted. Quantification of its action on the rib cage is the source of the controversy.
Goldman and Mead proposed that the pressure which displaced the rib cage during diaphragmatic contraction in upright man was abdominal pressure.' How this could be the case is explained in the figure which is a simple model of the respiratory system. The muscular part of the diaphragm is represented by the muscle fibres extending from the rib cage to the bar which represents the central tendon of the diaphragm. Contraction of the diaphragm exerts a downward force on the central tendon and thus the abdomen. It also exerts an equal and opposite upward force on the rib cage, so that the force displacing the abdomen and rib cage are identical. Because it is abdominal pressure which displaces the abdomen, abdominal pressure can also be thought of as displacing the rib cage. To the extent that this is a realistic model of the respiratory system, it gives insight into how abdominal pressure could be equivalent to the pressure displacing the rib cage. However, Goldman and Mead's suggestion remains an unproven hypothesis which only applies to man in the upright posture. In the supine posture, diaphragmatic contraction has little action on the rib cage. Figure Simplified model of the respiratory system. The rib cage is represented as a bar in the shape of an inverted U. Its elastic properties are represented by the upper spring. The diaphragmatic fibres are inserted into the lower margin of the rib cage and into the central tendon of the diaphragm represented by a horizontal bar. The middle spring represents the lung and the lower spring, the elastic properties of the abdomen. Diaphragmatic contraction exerts a force upward on the rib cage which is equal and opposite to the force it exerts downward on the abdomen. Intercostal/assessory muscle contraction inflates the rib cage, shortening the upper spring, and inflates the lung. However it displaces the abdomen in the expiratory direction by lengthening the lower spring. Combined diaphragmatic and intercostal/accessory muscle contraction may lengthen, shorten, or produce no displacement of the abdomen depending upon the relative strength of contraction of the two muscle groups.
abdomen. The resulting fall in abdominal pressure and inward abdominal displacement is expiratory, and is a most inefficient way to breathe. Simultaneous contraction of the diaphragm and other inspiratory muscles results in a change in abdominal pressure which depends upon the relative strength of contraction of the two muscle groups. Thus, provided the abdominal muscles remain relaxed during inspiration, the change in abdominal pressure and the resulting displacement of the abdomen gives valuable information on the relative contributions of the diaphragm and intercostal/accessory muscles to inspiration.
The normal range of breathing movements at rest and during exercise is not precisely known but probably ranges from predominantly abdominal, as in normal supine man at rest, to predominantly rib cage in conditions in which the intercostal and accessory inspiratory muscles are recruited to the extent that there is little abdominal motion.
Although the limits of normal motion are not well described, inward inspiratory displacements of the abdomen are definitely abnormal and represent a displacement every bit as paradoxical as inward inspiratory displacements of the rib cage. Abdominal paradoxical motion is observed in bilateral diaphragmatic paralysis and diaphragmatic fatigue, and is a valuable clinical sign indicating serious diaphragmatic malfunction. Of course inward abdominal displacements can result from abdominal muscle contraction, and it is important clinically to distinguish whether the abdomen is sucked in because of weak diaphragmatic contraction or pushed in as a result of contraction of the abdominal muscles. Palpation of the abdomen readily distinguishes between the two.
Prominent rib cage motion in the supine position is also an abnormal breathing pattern and signifies recruitment of other inspiratory muscles. This probably occurs in any condition which leads to a sufficient increase in the work of breathing.
These physical signs have only recently been described.3 It is surprising, to say the least, that a system as vital as the inspiratory muscles has received so little attention from chest physicians. We know much about the lung, but little about the muscles which pump it. We know much about the physiological properties of skeletal muscles in general, but little about the diaphragm and other inspiratory muscles in particular. When other skeletal muscles perform work it is usually against inertial loads. However when the inspiratory muscles work they usually have to cope with elastic and resistive loads. In diseases characterised by decreased compliance or increased airways resistance these loads can become excessive and may lead to fatigue. Yet we know little about how elastic and resistive loads influence muscle function. We have only the vaguest idea of the energy requirements of the respiratory muscles in diseases which increase the work of breathing and no clear idea of how these requirements are met or even if they are met. For instance, is it possible when there is a failure of the oxygen transport system, as in cardiogenic shock, that the oxygen demands of the inspiratory muscles deprive the rest of the body of much needed oxygen-or does the rest of the body deprive the inspiratory muscles of the energy they need? Some of these questions are beginning to be answered. Aubier and colleagues recently studied the action of the diaphragm in cardiogenic shock caused by cardiac tamponadel (and personal communication). By injecting saline into the pericardium they were able to reduce cardiac output in dogs in a highly reproducible fashion. In dogs receiving artificial ventilation, there was no mortality, whereas in dogs breathing spontaneously mortality was high. Death invariably occurred from failure of inspiratory muscle contraction while the heart continued to beat. In spite of an increase in the amplitude of the phrenic neurogram (an index of the central drive to breathe) and a similar increase in the amplitude of the diaphragmatic EMG (an index of diaphragmatic excitation), the transdiaphragmatic pressure (an index of the force of contraction) diminished. Clearly these results indicate that there was failure of excitation/contraction coupling or of the contractile machinery, and this was the immediate cause of death.
These important findings raise many questions. How 
